varying degrees. For example, in a part of southeastern Europe, necrotic beech bark disease was observed on a subspecies, Fagus sylvatica ssp. orientalis Lipsky [syn: Fagus moesiaca (K. Malý) Czeczott]. According to some Serbian authors, the necrotic beech bark disease in Serbia is caused by a synergic action of infection agents, Cryptococcus fagi Bärensp.+ Nectria spp. Similarly, in southeastern Bulgaria, Fagus moesiaca had lower levels of stem necrotization compared to Fagus sylvatica [1] .
In several European countries, the level of concern regarding beech necrotic disease depends on the rate of spread of the disease or the current state of the research. In Germany, the degree of necrotic damage to beech in relation to site conditions as well as beech bark wounds caused by felling have been evaluated [4] . In the Czech Republic, the symptoms and diagnostics of beech necrotic disease have been described and also the current health state of beech stands and projected stand dynamics using a growth simulator SIBYLA has been evaluated under strong air pollutant loads in the Giant Mountains in northern Bohemia [5] . The accumulation of fluoride in bark and leaves of forest trees around the aluminium plant in Norway was evaluated [6] . The soil microbial and enzyme activities response to pollution near an aluminium smelter in Žiar nad Hronom (central Slovakia) were also studied [7] . Research has been conducted on the effects of air pollution, for example of heavy metals in beech stands and in beech leaf litter in relation to the health status of beech stands investigated in Poland [8, 9] .
In Slovakia, extensive research on beech necrotic disease has been conducted, including the development of original methods to evaluate necrotization, descriptions of several symptoms of the disease, wood injury, quantification of the disease related to the sociological position of trees in the stand and the abundance of the disease related to pollutant loads of various localities [10] [11] [12] [13] [14] . From the above, it can be seen that the issue of beech bark necrotic damage and beech stand mortality is a serious phytopathological problem practically everywhere in the world where the representatives of the genus Fagus s.l. occur. The BBD dynamics in beech stands can be corrected to a certain extent by various forestry measures, e.g., the interesting data about BBD dynamics in beech thinning forests were obtained in Central Slovakia [15] . In these stands we applied the methods of selective support of target trees combined with a sanitary negative selection of heavily necrotically attacked beech trees. After several thinnings, we found that necrotic damage to target trees fell from 14.5% to 9.1% compared to 40.3% in unmanaged necrotic beech forests.
BBD also manifests significantly on the structure, anatomy and physico-mechanical properties of wood. The dynamics of changes in beech wood after bark injury was studied [16] . We found that a narrow dark "reaction zone" is formed at the edges of the lesions, characterized by high vascular tylatation and concentration of polyphenolic compounds. The reaction zone separates the necrotic tissue from the physiologically active tissue. These changes have a negative impact on the structure and strength of the wood. Similarly, the changes in the anatomy of the bark and wood tissues of Malus domestica attacked by the fungus Neonectria ditissima have been described. We found that the callus anatomy formed after the injury showed closed tumour features with a marked disorganization of the wood elements influenced by Neonectria ditissima infection spread in bark and cambium [17] .
Necrotic damage to beech bark tissues is associated with activity or interaction among various insect and fungal pathogens, mainly fungi of the genus Anthostoma Nitschke, Cytospora Ehr.:Fr., Diatrype Fr., Fusarium Link, Nectria (Fr.) Fr., Neonectria Wollenw., Ophiostoma Syd., and fungal-like organisms Phytophthora de Bary, also Phomopsis Sacc., Valsa Fr. and Verticillium Nees, etc. Recent views on the aetiology of BBD indicate that the primary Phytophthora infections of stem bark are triggered by climatic extremes and that it is a major factor in the BBD complex in central Europe [1, 14, [18] [19] .
Based on the number of scientific outputs which pointed at the negative impact of pollutants from Žiar smelter (defoliation: [20] , physiology -chlorophyll, fluorescence: [21] , herbs and fungi: [22] , soil: [7, 23] , forest stand: [24] ), our aim was to assess this effect on the occurrence of the necrotic disease of mature beech stands.
As a working hypothesis, we expect that the value of necrotization of beech stems and crowns: i) will increase over time, ii) will exhibit a positive correlation with the exposure to pollutant loads and iii) will show a significant relationship between the necrotic disease of a beech stem and its crown. In this study we focused on evaluating the consequences of BBD on the stems and crowns of trees in different environmental conditions, regardless of the primary fungal causative agents of the disease.
Material and Methods

Study Area
This study was conducted in three localities (Table 1) within submontane beech forests of the Western Carpathians (Central Europe, Central Slovakia). The Žiar locality is situated in the Štiavnické vrchy Mountains, located 1.5 km from an aluminium plant in Žiar nad Hronom; it was formerly under the immediate influence of pollutants, acidic fluorine-type emissions in the zone of pollutant threat A [25] . Since 1996, when a new modern plant with significantly reduced emissions began its operation, pollutant emissions from the aluminium plant have been significantly reduced ( Table 2 ). Despite the pollutants-reducing measures implemented, the damage to the surrounding environment seems to be a long-lasting problem [26] .
The forest stands of the Žiar are categorized as "special protective forests" from which any forest logging activities are excluded due to the ongoing air pollutant load and insufficient natural regeneration of forest stands.
The Jalná locality, situated in the Štiavnické vrchy Mountains, is located 7 km from Žiar. The stand of mature trees has developed naturally with no management intervention over the last 65 years [27] . The Kováčová locality is situated in the Kremnické vrchy Mountains and lies 18 km from Žiar. This stand of mature trees has developed naturally with no management intervention over the last 35 years [28, 29] .
Evaluation of Necrotic Damage
Field assessments were conducted in 2004 (stems), 2007 (crowns) and 2014 (stems and crowns -whole trees) in autumn or spring months, when beech crowns were leafless. Only predominant, dominant Wet deposition** (kg. ha * Median values of pH measured at a depth of 1 to 6 cm in the year 2013 ** according to [43] and codominant trees corresponding to the Kraft tree classes of 1, 2 and 3, respectively, qualified as sample trees for the purpose of crown and stem condition assessment. Belonging to a specific social class reflects a position of a tree in a stand, and through this, its growth potential. Individual trees representing each class were selected at such a distance from each other that ensured that they do not affect each other, at least to an average height of stand (25 m). The evaluations were repeated 10 years (or seven year in the case of crowns) after the first measurements. We analyzed only the trees that survived until the last measurements. In 2014 we evaluated the same live trees that were marked and also evaluated in 2007. The data representing the trees that died between 2004 and 2014 were excluded from the analysis. We evaluated five trees of each tree class. For each locality we evaluated 15 samples [30] .
To assess the degree of necrotic damage to beech stems (Fig. 1a) in a locality, all trees were assigned one of five degrees of stem bark necrotization -ranging from 0, stems without necrosis, to 4, stems with large necrosis that can cause stem breakage. To compare the degree of stem necrotization among localities, we reduced the stem necrotic damage assessment to a single value for the entire stand based on the index of stem necrotization (I SN ) [31] . The I SN is the average value of the degree of stem necrotization of all trees in a locality. The calculation of I SN is as follows:
… where: I SN -index of stem necrotization 0 to 4 -degrees of beech stem necrotization n 0 to n 4 -the number of trees within different degrees of necrotization To evaluate necrotization of branches in beech crowns, we used a scale based on four degrees (0, 1, 2, 3) [10] . A greater number of degrees would considerably undermine the objectivity of the evaluation because of the difficulty in accessing the crown. The presence and degree of necrosis in the upper part of the stem and branches in crowns of tall trees were often assessed using binoculars. To evaluate the degree of necrotic disease of the whole tree, we developed a scale that is a combination of the degree of necrotic damage to the stem and the crown for each tree (Table 3 ). Similar to I SN, we calculated an index of crown necrotization (I CN ) to summarize crown necrosis at the stand level as well as an index of whole tree necrotization for each locality (index of whole tree necrotization -I WTN ; [10] ). The value of I WTN reflects the current overall state of necrotization of a particular tree, as well as necrotization of the entire beech stand in space and time; space refers to the assessment of necrotization on the stem from the buttress roots to the top branches in the crown, and time refers to the observed period of seven years for this study: 2007 to 2014. Necrotic diseases are also caused by fungi infections (Fig. 1b) , leading to typical symptoms of the disease of tracheomycotic type, e.g., creation of vessel tyloses (Fig. 1c) .
Statistical Analyses
We compared the frequency of necrotic disease of beech stems and crowns depending on the distance of Fig. 1 . a) Beech stand significantly impacted by necrotic disease at Žiar, b) parasitic fungus mycelium inside necrotic wound in beech bark at Jalná (scanning electron microscope, magnification 340×) and c) vessel tyloses in necrotic beech wood at Jalná (scanning electron microscope, magnification 580×).
pollution source using 3×3 contingency tables, which were analyzed with a chi-square test (χ 2 ) for differences between medians, because the sample sizes were small and abnormally distributed [32] . Five degrees of beech stem necrotization (0, 1, 2, 3, 4) were merged to three degrees. In the first and second tree classes we merged the second, third and fourth degrees of the disease (2 + 3 + 4) into one group because the occurrence frequencies of the last two degrees were very low, often zero. For the same reason, in the third tree class we merged the first and second degrees into one group and the third and the fourth degrees into another group (1 + 2, 3 + 4). A similar procedure was performed with the crown data, except for the fourth degree. This analysis allowed us to evaluate the temporal dynamics of the health state by comparing the results in 2004 (2007) and 2014. Spearman correlation analysis was performed to determine the relationship between the necrotic disease of stem (0, 1, 2, 3, 4) , and the necrotic disease of crown (0, 1, 2, 3 ) of the same tree. All statistical analyses were performed using STATISTICA software ver. 9.0 (Stat Soft Inc., Tulsa OK, USA).
Results
As the distance from the pollution source increased, we recorded the decrease of the necrotic disease values (Fig. 2) . In 2004, this trend was significant for stem disease of trees in the 2 nd and 3 rd tree class (χ2 = 7.80, 9.50 P = 0.0202; 0.0497), while in 2014 it was significant only in the 3 rd tree class (χ2 = 29.10, P = 0.0358, Table 4 ). The developmental patterns of stem necrotization between 2004 and 2014 were similar at all localities (Fig. 2a) . During the study period, necrotization was more frequent in Žiar, i.e., the locality closest to the pollution source, compared to the stands in Jalná and Kováčová, which are 7 and 18 km away from the emission source, respectively. The trend of disease in crowns is similar, but the difference between localities is less marked (Fig. 2b) . The effect of the distance from the pollution source on the health state of beech crowns was not significant anywhere, although in 2007 P<0.1 was found in the 1 st tree class. Spearman's correlation analyses significant relationships between the necrotic damages to the stems and crowns at all localities (Fig. 3) . The relationship between the necrotic disease of beech stems and crowns showed a positive correlation (Fig. 3) . Trees suffer from necrotic damage to all parts equally, as related to the state of their current health. Although the effect of distance from emission source or the health state of stands on the strength of the relationships was not confirmed, the greatest frequency of trees with little or no necrosis (necrotization degrees 1 and 0) was reported from the stands least affected by pollutants at Kováčová (Fig. 3c) . On the contrary, the greatest number of most damaged trees was found on the locality Žiar 1.5 km from the smelter (Fig. 3a) . (Table 5) . Index values for stems, crowns and whole trees were always higher in Žiar compared to Jalná and Kováčová.
Discussion
We observed different dynamics of beech necrosis in the stems and crowns of European beech trees (Fig. 2) . Between 2004 and 2014, a decrease of the occurrence of stem necroses was found in all localities, although there were no significant changes in the level of crown necrotization. However, to justify the significant differences between all localities we would need to extend the evaluated set of trees. This is an interesting result because we expected the opposite trend -deterioration in the health of infested trees, as observed between 1997 and 2006 in the Stolické vrchy Mountains, where a decline in the number of individual trees in degrees 0 and 1 and hence, the increase in the number of trees in degree 2 was observed over a period of 10 years [12] .
During our research we found an interesting species, Biscogniauxia nummularia, as a latent factor of infestation in Fagus sylvatica. Similarly, research in Italy suggested that B. nummularia was a parasitic and necrotrophic fungus in beech forests in southern Italy (Campania region) [33, 34] . In the context of works [33, 34] we can conclude that B. nummularia was found on dying beech branches in the Jalná and Kováčová localities; however, at Žiar, where pollutant loads were highest, this fungus was not identified.
We observed improved stand health conditions with increased distance from the emission source. In the past the increase of I SN value in Žiar, from 1.77 in 1995 to 2.20 in 2004, was recorded [11] . The health state of beech (defoliation) at Žiar was significantly worse than at Jalná and Kováčová, which are 7 km and 18 km from the emission source, respectively. Unfavourable health conditions of beech stands in Žiar, due to the load of fluorine-type pollutants, were reflected not only Fig. 3 . Bubble chart of correlation between necrotization degrees of stem and crown of the same trees (in 2014); P is the probability for R, Spearman's coefficient; the sizes of the bubbles are determined by the values of abundance (the smallest -1, the biggest -6) in the high values of defoliation (25-49%) but also in the mortality of trees that reached 21% over the period 1991 to 2004 [35] . The permanent loss of foliage in beech stands (up 74%) has been recorded in the Czech Republic, which may be a reason for the continuing long-term effects of ambient pollution and its effects on soil quality [5] . The high values of the fluoride-type immissions in Žiar were reflected in the high defoliation values of beech trees, but also in the mortality of trees, which reached 21% between 1991 and 2004 [36] . Soil microbial activity in the vicinity of our research plot in Žiar was also studied [7] . Aluminium ions (Al 3+ ) play a significant role in biogeocenosis, where acid fluorine pollutants are concentrated, such as the soils around the aluminium plant. From our previous work at Žiar locality [36] and other works [37] , it is known that Al 3+ chelates, which are especially toxic to mycelium of ectomycorrhizal fungi, were released from the soil in the forests near the aluminium plant. Low representation of ectomycorrhizal fungi in forests under the impact of magnesite-type immissions was also found in Slovakia [37, 38] . Only one ectomycorrhizal species was found in the worst degradation zone A, and 23 species of ones were found in the least attacked degradation zone D. The ectomycorrhizal potential values ranged from 0.0 in stage A to 0.56 in stage D [37, 38] .
Similarly, other results indicated that woody plants native to acid soils have evolved various strategies to overcome Al 3+ stress [39] . One such strategy is the exclusion of Al 3+ from root tips, probably through the release of organic acid anions. The formation of ectomycorrhizal structures, which are capable of accumulating Al in the cell walls of hyphal cells, may also be regarded as an exclusion strategy by reducing the degree of contact of root cells to Al 3+ . Necrotic wounds in the suppressed trees (4 th and 5 th tree classes according to Kraft) are too big for trees to fully heal. However, callous production over necrotic wounds of trees in the 1 st to 3 rd tree classes is possible; higher vitality of trees in these classes in comparison to trees in the 4 th and 5 th tree classes also plays an important role. The necrotization process can be negative, i.e., the addition of further necroses, enlargement of the existing ones, etc. However, it can have a positive effect, i.e., a healing process is taking place, particularly the healing of small necrotic wounds. Because of this, the changes in the necrotization process can take place very slowly [1] . We observed that the changes in the necrotization process can be very slow and are not necessarily significant, even over several years, as observed in the beech stems bark necrotization index comparison at the same locality nine years later [12] . Necrotization in beech crowns was different compared to necrotization in stems. Note that in our localities, the index values of crown necrotization (I CN ) were in the range from 1.73 in Žiar to 0.93 in Kováčová. In contrast, the index values of stem necrotization (I SN ) ranged from 2.13 in Žiar to 1.13 in Kováčová. In Slovakia 54 sites where the range of average values of I SN was very wide were sampled, from 0.53 to 1.97 (1.22 on average) [1] . The value of I SN at Žiar was as high as 2.13 in 2004, but then declined to 1.6 in 2014; a similar pattern was also observed in the remaining two localities (Table 5) . We have always recorded lower values of I CN compared to the values of I SN , (except for a modest increase of I CN in the case of Jalná and Kováčová), virtually everywhere, which may be due to the different dynamics of necrotization in beech stems and crowns. The lower I CN value compared to the I SN value at Žiar in 2014 is surprising because we have so far recorded worse necrotic crown damage than stems (for example, during our research in Poland [40] and Bulgaria [41] , the I CN values were always higher than I SN values). It appears that the revitalization process of beech stands is ongoing at Žiar, which has also been reflected in lower necrotic damage of beech crowns.
Our results indicate that BBD is a pressing issue that requires increased scrutiny [1] . A significant increase in beech necrotic disease that has been recorded in Slovakia since the end of the 1980s may be part of a natural cycle, which is characteristic of the majority of parasitic diseases, and it may be connected to ongoing processes of global climatic changes. Beech bark disease may pose a serious risk to many European forests; management recommendations should rely on long-term monitoring of this phytopathological phenomena. The pressing nature of this issue is evident in the conclusions and recommendations of the Man and the Biosphere Programme Strategy report of UNESCO to support mitigation and adaptation to climate change and other aspects of global environmental change [42] .
Conclusions
We quantified the dynamics of necrotic disease of beech stems and crowns as well as the whole tree (BBD -beech bark disease) in mature stands exposed to long-term pollutants of acid fluorine in Slovakia. The study was conducted between 2004 (2007) and 2014 in three localities: Žiar -1.5 km from the aluminium plant, Jalná -7 km and Kováčová -18 km.
The analysis of 2004 data revealed a significant decrease in necrotic disease of stems in 2 nd and 3 rd tree classes with the increasing distance from the pollution source. This trend was confirmed in 2014, but only in the 3 rd tree class. We observed a decline in the disease of beech crowns, but it was not statistically significant.
From 2004 (2007) to 2014, a decline in the index values of stems (I SN ), crowns (I CN ), and the whole trees (I WTN ) was recorded everywhere, except for a slight, insignificant increase of I CN at Jalná. On the other hand, at Žiar, all index values were higher compared to Jalná and Kováčová, which may have been related to the longer distance from the pollutant source.
We could not confirm the first hypothesis that the values of necrotization of beech stems and crowns will increase over time due to the new technology for aluminium production ( Table 2) . We confirmed the second hypothesis that the locality, which was situated nearest to the source of the pollutant load (Žiar) had a higher incidence of BBD over the study period (Fig. 2, Table 5 ). The third hypothesis was confirmed: the relationship between the necrotic disease of a beech stem and its crown was significant at all localities (Fig. 3) .
